Purpose of Review Metabolic reprogramming is essential for the rapid proliferation of cancer cells and is thus recognized as a hallmark of cancer. In this review, we will discuss the etiologies and effects of metabolic reprogramming in colorectal cancer. Recent Findings Changes in cellular metabolism may precede the acquisition of driver mutations ultimately leading to colonocyte transformation. Oncogenic mutations and loss of tumor suppressor genes further reprogram CRC cells to upregulate glycolysis, glutaminolysis, one-carbon metabolism, and fatty acid synthesis. These metabolic changes are not uniform throughout tumors, as subpopulations of tumor cells may rely on different pathways to adapt to nutrient availability in the local tumor microenvironment. Finally, metabolic cross-communication between stromal cells, immune cells, and the gut microbiota enable CRC growth, invasion, and metastasis. Summary Altered cellular metabolism occurs in CRC at multiple levels, including in the cells that make up the bulk of CRC tumors, cancer stem cells, the tumor microenvironment, and host-microbiome interactions. This knowledge may inform the development of improved screening and therapeutics for CRC.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the fourth leading cause of cancerrelated deaths worldwide [1] . In the USA, over 50,000 people died of the disease in 2017 [2] . Additionally, although CRC incidence and mortality have decreased nationally overall due to advancements in screening and therapeutics, CRC incidence in younger adults (age < 50 years) unexpectedly increased, including a rapid increase in distant-stage disease [2] . The current 5-year survival rate for patients with CRC ranges from 88.1% for cases diagnosed at stage I (23% of cases) to 12.6% for cases diagnosed at stage IV (20% of cases) [3] .
Development of CRC is a gradual process defined by the accumulation of somatic mutations, chromosomal instability (CIN), microsatellite instability (MSI), and/or epigenetic alterations resulting in loss of tumor suppressor genes and activation of oncogenes [4] . Metabolic pathways are actively reprogrammed during this process, leading to increased glycolysis, glutaminolysis, and fatty acid (FA) synthesis. This metabolic reprogramming is now recognized as a hallmark of cancer [5, 6••] . In this review, we will discuss the etiologies and effects of altered cellular metabolism in CRC, including the role of tumor genetics and epigenetics, the tumor microenvironment (TME), and the microbiome. Understanding metabolic reprogramming and its consequences may contribute to improved CRC screening and treatment.
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Metabolic Phenotypes in CRC Metabolism is broadly defined as "the sum of biochemical processes in living organisms that either produce or consume energy" [7] . The primary source of cellular energy is glucose, a simple carbohydrate transported into cells by a family of transmembrane glucose transporters (GLUTs) [8] . In the cytoplasm, glucose is catabolized to pyruvate, generating two molecules of adenosine triphosphate (ATP), in a process known as glycolysis [8] . In the absence of oxygen, normal cells convert pyruvate to lactate, which is secreted from the cell. In contrast, in the presence of oxygen, pyruvate is transported into the mitochondria by the mitochondrial pyruvate carrier (MPC) and then converted to acetyl-CoA by pyruvate dehydrogenase (PDH) [8] . Acetyl-CoA, which can also be generated by the catabolism of fatty acids (FAs) and some amino acids, then enters the tricarboxylic acid (TCA) cycle, which reduces nicotinamide adenine dinucleotide (NAD + ) and flavin adenine dinucleotide (FAD) to NADH and FADH 2 [8] . These high-energy electron carriers are then used to create a proton gradient across the inner mitochondrial membrane that drives adenosine triphosphate (ATP) synthase in the electron transport chain (ETC). This process, known as oxidative phosphorylation (OXPHOS), results in an additional 32-36 molecules of ATP [8, 9] . Cancer cells, however, prioritize energy sources differently to support their rapid growth and proliferation (summarized in Fig. 1 ; abbreviations summarized in Table 1 ).
The Warburg Effect
The unique metabolic phenotype of cancer cells was first observed by Otto Warburg in 1924 when he noted that, even in the presence of oxygen, cancer cells preferentially shift their metabolism toward glycolysis followed by lactic acid fermentation rather than OXPHOS [10] . This state of aerobic glycolysis is known as the "Warburg effect" [11, 12] . While OXPHOS produces more ATP per molecule of glucose, glycolysis produces ATP more rapidly. Additionally, increased glycolysis facilitates cellular utilization of glycolytic intermediates to synthesize macromolecules required to support rapid proliferation (reviewed in [13] ). For instance, the glycolytic intermediates glucose-6-phosphate, fructose-6-phosphate, and glyceraldehyde-3-phosphate are converted to ribose-5-phosphate in the pentose phosphate pathway (PPP), which generates pentose sugars and ribose-5-phosphate to synthesize nucleotides required for DNA replication [13] . Glyceraldehyde-3-phosphate is also utilized to synthesize phospholipids to generate cell membranes, and 3-phosphoglycerate is a substrate for the synthesis of serine and glycine [13] . The decrease in OXPHOS is also thought to protect cells from toxic reactive oxygen species (ROS) and oxidative stress that would be generated during rapid proliferation [13] . The pyruvate that accumulates during aerobic glycolysis is reduced to lactate by lactate dehydrogenase 5 (LDH5) to regenerate NAD + and then secreted from the cell by monocarboxylate transporter 4 (MCT4) (reviewed in [14] ).
To date, data suggest that most CRC cells demonstrate the "Warburg" metabolic phenotype. For example, primary and metastatic CRC tumors often exhibit higher glucose consumption than surrounding normal intestinal tissue, and this is taken advantage of in tumor imaging with 18 F-deoxyglucose positron emission tomography ( 18 FDG-PET) [15, 16] . In addition, CRC tumors exhibit increased intratumoral lactate [17, 18••] . Numerous genes and proteins important for glucose uptake and glycolysis are also upregulated in CRC, including hypoxia-inducible factor-1α (HIF-1α) [19] , glucose transporter 1 (GLUT1) ( [20] [21] [22] [23] [24] ), hexokinase 1 (HK1) [24, 25] , hexokinase 2 (HK2) [26] , MCT4 [23, [27] [28] [29] , pyruvate kinase M2 (PKM2) [24, 30, 31] , lactate dehydrogenase A (LDHA, a monomer of LDH) [24, 32] , and lactate dehydrogenase 5 (LDH5) [33] . Indeed, upregulation of many of the above genes has been correlated with tumor aggressiveness and poor prognosis in CRC [34] .
Glutaminolysis
Glutamine dependency is another metabolic phenotype that supports Warburg metabolism and is common to many different cancer types (reviewed in [35] ), including CRC [36] . Because glycolytic intermediates are diverted toward biosynthetic pathways, cancer cells utilize glutamine to replenish the TCA cycle in a process termed anaplerosis and, like glucose, synthesize macromolecules necessary for cell division and tumor growth [35] . First, glutamine is taken up by the cell and deaminated to glutamate by glutaminase 1 (GLS1). There, it is converted to α-ketoglutarate (αKG) by glutamate dehydrogenase (GDH), which can be employed to synthesize lipids and amino acids and generate ATP via the TCA cycle followed by OXPHOS [35] . These reactions also produce reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is used to regenerate glutathione (GSH) [37] . GSH acts as an electron acceptor to neutralize ROS created by the increased metabolic flux in cancer cells (reviewed in [37] ). GLS1 and GDH are both upregulated in CRC, and this correlates with tumor aggressiveness and poor patient prognosis [38] [39] [40] .
Lipid Biosynthesis
Deregulated lipid metabolism is recognized as another metabolic phenotype in many different cancers (reviewed in [41, 42•] ). Most normal cells preferentially use circulating FAs derived from dietary fat. In contrast, cancer cells not only increase uptake of extracellular lipids and lipoproteins but also upregulate de novo lipid biogenesis and cholesterol synthesis pathways, which produce lipid metabolites crucial to cell membranes, cell signaling, post-translational modification of proteins, neutralization of ROS, and energy storage [42•] . FAs are synthesized in the cytoplasm using citrate, which is converted to acetyl-CoA by cytoplasmic ATP citrate lyase (ACL) and malonyl-CoA, which is generated from acetyl-CoA by acetyl-CoA carboxylase [ [43] ).
Lipogenic enzymes, including FASN, are upregulated in CRC (reviewed in [44] ). Patients with stage III and IV CRC have higher circulating FASN levels than patients with stage I and II CRC [45••] . In CRC cell lines, high FASN expression upregulates both glycolysis and mitochondrial respiration and enables CRC cells to increase FAO in metabolic stress conditions [46] . Novel FASN inhibitors are being evaluated in phase I/II clinical trials for CRC treatment [47] . In addition to increased palmitate synthesis, CRC exhibits enhanced FA elongation [48] . Upregulation of other lipid metabolism genes, including PPARG and ACSL1, are correlated with poor prognosis in CRC [49, 50] . Silencing genes encoding sterol regulatory element-binding proteins (SREBPs) 1 and 2, which are transcription factors critical for lipogenesis, inhibited CRC growth in vitro and in xenograft models [51] . CRC cells also have high levels of lipid droplets, which serve as the site of prostaglandin E 2 (PGE 2 ) synthesis from arachidonic acid, a FA, by cyclooxygenase-2 (COX-2) [52, 53] . PGE 2 is transported out of the cell, where it exerts both autocrine and paracrine effects by activating signaling pathways that control inflammation, proliferation, migration, apoptosis, and angiogenesis (reviewed in [54, 55] ). Finally, lipid biogenesis pathways have been correlated with CRC epithelial-mesenchymal transition, invasion, and metastasis [56] [57] [58] [59] .
One-Carbon Metabolism
One-carbon metabolism (1CM) is also heavily utilized by many different cancer types, including CRC (reviewed in [60•, 61•, 62] ). 1CM is essential for the increased nucleotide and FA synthesis required by highly proliferating cells and provides crucial substrates for chromatin remodeling [61•] . 1CM consists of three interconnected pathways that involve the transfer of a single carbon: the folate cycle, the methionine cycle, and the trans-sulfuration pathway [61•] . The amino acids serine, glycine, and threonine (converted to glycine) serve as carbon donors to initiate the cycle, converting tetrahydrofolate (THF, which is reduced from dietary folate) to 5,10-methylene THF (meTHF), which is further reduced to 5-methyl THF (mTHF) [61•] . mTHF donates a carbon to homocysteine, generating methionine. Adenylation of methionine generates S-adenosylmethionine (SAM), which serves as the methyl donor for histone methyltransferases (HMTs) and DNA methyltransferases (DNMTs) [61•] . SAM was recently found to be the most upregulated metabolite in CRC across all tumor stages [18••] . Additionally, polymorphisms in genes required for 1CM and dietary intake of folate have been shown to modify CRC risk [63, 64] .
THF can also be converted to formyl-THF. Formyl-THF and meTHF donate carbon units to purine and thymidylate synthesis, and meTHF can be oxidized to support FA synthesis [61•] . These reactions also reduce NADP + to NADPH. This NADPH, and glutathione (GSH) generated via the transsulfuration pathway, are important in other cellular redox reactions [61•] . Phosphoglycerate dehydrogenase (PHGDH), an enzyme that diverts 3-phosphoglycerate from glycolysis into the serine biosynthetic pathway to resupply 1CM, is upregulated in CRC tumors compared to adjacent normal tissue and is correlated with advanced TNM stage and tumor size [65] . This is particularly useful to cancer cells in the setting of glucose deprivation [66] .
Oxidative Phosphorylation
Although the Warburg effect was initially thought to be due to defective mitochondrial OXPHOS, it is now thought that cancer cells, including CRC, use the TCA cycle (fueled by pyruvate, lactate, glutamine, and/or FAs) followed by OXPHOS to generate ATP, which is required for biosynthetic and housekeeping reactions (reviewed in [5, 67] ). It is the downregulation of the MPC in CRC that results in increased aerobic glycolysis metabolism [68] . Additionally, there is intratumoral heterogeneity in metabolic phenotypes, with some cells relying more heavily on OXPHOS compared to others based on the local TME [69] . This will be discussed in detail later in this review (see "Intratumoral Heterogeneity").
Metabolic Pathways Impact Epigenetics
Epigenetics is defined as changes in gene expression that are heritable during cell division and cannot be explained by alterations in primary DNA sequences [70] . Changes in metabolic flux impact epigenetics in both normal cells and cancer cells because metabolites serve as essential cofactors for chromatin remodeling enzymes responsible for epigenetic alterations (reviewed in [61•, 71] ), which are abundant in CRC (reviewed in [70] ). SAM, generated by the methionine cycle, serves as the methyl donor for HMTs and DNMTs [61•] . Thus, changes in intracellular SAM directly affect histone methylation associated with active gene transcription [72] . Increased methylation is common in CRC and is associated with poor survival rates [70] . Furthermore, aberrant DNA methylation has also been extensively demonstrated in CRC and occurs early in the adenoma to carcinoma sequence, as hypermethylation of CpG islands in gene promoters transcriptionally silence tumor suppressor genes (reviewed in [4, 54, 70] ). The CpG island methylator phenotype (CIMP) pathway in CRC is characterized by particularly widespread altered promoter methylation [4] .
On the other hand, CRC also exhibits global DNA hypomethylation (outside of CpG islands) [70] . Metabolites generated in the TCA cycle and ETC serve as cofactors for DNA and histone demethylation. αKG is required for activity of the TET family of DNA demethylases and the Jumonji C family of histone demethylases [61•] . The histone demethylation activity of lysine-specific demethylase 1 requires FAD, which is synthesized de novo from riboflavins and renewed through the oxidation of FADH 2 in the ETC [61•] .
Histone acetylation can also be influenced by metabolite production. Acetyl-CoA provides the acetyl group necessary for acetylation of lysine and other amino acid residues on histones [61•]. Nuclear acetyl-CoA is derived from citrate, which is generated in the mitochondria by the TCA cycle, transported out of the mitochondria, and 
Metabolic Changes May Precede Somatic Mutations
The majority of CRC develops progressively from normal mucosa to adenoma to carcinoma, which occurs by several major pathways [74] . The most common mechanism is the CIN pathway characterized by widespread loss of heterozygosity (LOH) in tumor suppressor genes and numerous chromosomal copy number variations and structural abnormalities [75] . Other mechanisms include the MSI pathway, caused by defects in the DNA mismatch repair system, and the CIMP pathway, in which the promoter sequences of tumor suppressor genes are hypermethylated (reviewed in [76] ).
Findings from numerous studies in both mice and humans support the theory that metabolic and epigenetic alterations throughout the colon promote genomic instability that leads to neoplastic transformation, known as "field carcinogenesis" or "condemned mucosa" (reviewed in [77, 78] ). These alterations have been shown to exist in grossly and even histologically "normal" colon tissue and likely develop due to a combination of exogenous factors including diet and obesity and endogenous factors including genetic CRC risk, preceding and promoting focal neoplastic transformation due to LOH [77] .
In accordance with the field carcinogenesis model, morphologically normal colon tissue in mice with genetic susceptibility to CRC exhibits increased lactate [79] and transcriptomic changes associated with multiple metabolic pathways, including glucose metabolism and insulin signaling [80, 81] . Cruz et al. also recently showed that tissue from rectal biopsies of grossly normal tissue obtained from patients with one or more pre-cancerous colonic lesions has significant increases in the expression of HIF1A, GLUT1, PKM2, and LDHA, indicating upregulated glycolysis [82] . They also found increased expression of mitochondrial genes that promote mitochondrial fission and fusion, uncoupling between proton flow and ATP synthase activity, and mitochondrial copy number, indicating altered OXPHOS [82] .
Effects of CRC Driver Mutations on Cellular Metabolism
Mutations in genes that functionally contribute to CRC development or progression are considered "driver" mutations rather than "passenger" mutations that occur as a byproduct of CRC development [83] . While metabolic flux changes were initially believed to be passive "side effects" of oncogenesis, it is now thought that metabolic pathways are actively reprogrammed by oncogenes, providing a selective advantage as tumors evolve to adjust to nutrient availability in the TME [5, 7, 13] .
The WNT Signaling Pathway
Ninety-three percent of sporadic CRC tumors exhibit hyperactive WNT signaling, of which 80% is caused by biallelic inactivation of the adenomatous polyposis coli (APC) tumor suppressor gene or activating mutations in β-catenin (CTNNB1) [84] . WNT signaling is critical in embryonic development and homeostasis of the adult gastrointestinal tract (reviewed in [85] ). β-catenin, the major effector of the canonical WNT signaling pathway, translocates to the nucleus and associates with TCF/LEF transcription factors to activate expression of target genes that control cell fate specification, stem cell function, proliferation, and migration [85] . Pate and colleagues recently established a direct link between WNT signaling and increased glycolysis by identifying pyruvate dehydrogenase kinase 1 (PDK1) as a novel WNT target gene [86••] . PDK1 phosphorylates pyruvate dehydrogenase (PDH), inhibiting pyruvate conversion to acetyl-CoA and subsequent flux to OXPHOS [87] . They also asserted that MCT1 may be another novel WNT target gene due to occupation of its promoter by TCF4 and its downregulation in xenograft tumors after expression of dominant negative TCF/LEF [86• •] The significance of MCT1 will be discussed later in this review (see "The Tumor Microenvironment").
Another transcriptional target of the WNT signaling pathway is MYC, which controls glycolysis, nucleotide synthesis, lipid synthesis, and mitochondrial bioenergetics in various cancers (reviewed in [88] ). However, in addition to WNT signaling, MYC deregulation can be a consequence of aberrant transcription factor activity, PI3K signaling, receptor tyrosine kinases (RTKs), hormones, and growth factors [89] . In 2017, the Soga group utilized a combined transcriptomics and metabolomics approach to evaluate paired normal and tumor tissues obtained from 275 patients with CRC [18••] . The group found consistent overexpression of MYC in all cancer stages regardless of mutations in APC, CTNNB1, or other genes involved in CRC carcinogenesis. MYC overexpression correlated with expression changes in 231 unique metabolic genes; those involved in purine and pyrimidine synthesis, glycolysis, the PPP, FA synthesis, 1CM, and histone methylation were upregulated, while those in the TCA cycle and FAO were downregulated [18••] . The corresponding changes in metabolite levels occurred at the premalignant adenoma stage and remained similar throughout the adenoma-carcinoma sequence, indicating that global metabolic reprogramming was driven by MYC independent of WNT hyperactivation or other driver mutations in CRC [18••] .
The PI3K Signaling Pathway
Phosphatidylinositol 3-kinases (PI3Ks) are a family of intracellular signal transduction enzymes critical for the response of normal cells to growth factors, including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), insulin-like growth factor (IGF), and insulin (reviewed in [90, 91] ). When these growth factors bind their respective RTKs and G proteincoupled receptors, phosphatidylinositol 3-kinase α (PI3Kα) phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP 2 ), converting it to phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) [90] . This second messenger activates numerous effectorsmost importantly, the serine/threonine kinases AKT and mammalian target of rapamycin (mTOR)-that alter cell-cycle progression and activate the metabolic program necessary to meet the requirements for the growth and synthesis of new cells [90] . The mTORC1 complex, which consists of mTOR, Raptor, and mLST8, has numerous phosphorylation targets and is a key metabolic regulator upon which many different signaling pathways converge, including the RAS pathway, which will be discussed next (reviewed in [92] ). In general, mTORC1 acts as a sensor of cellular energy status, directing metabolic flux toward anabolism (when active) or catabolism (when inactive) in response to nutrient and oxygen availability [92] . mTORC1 activates SREBP to induce transcription of genes required for de novo lipid synthesis and increase flux through the PPP to generate nucleotide precursors [92] . mTORC1 also increases the translation of HIF-1α, a transcription factor that drives angiogenesis and the expression of genes critical for glycolysis, including GLUT1 and phosphofructokinase (PFK) [93] . Activated mTORC1 also suppresses protein catabolism and autophagy, the lysosomal degradation of cytoplasmic proteins, organelles, and lipids to promote survival during nutrient deprivation [92] .
Mutations leading to hyperactive PI3K signaling occur in the majority of CRC tumors [84] . The PIK3CA gene, which encodes the p110α catalytic subunit of PI3Kα, is one of the most frequently mutated genes in human cancers [94] , including approximately 30% of CRC [84, 95] . Other common alterations in the PI3K pathway include activating mutations in IGF2 and IRS2 (which codes for a protein linking the IGF-1 receptor to PI3K) and inactivation of the genes encoding the PI3K inhibitors PTEN and PIK3R1 [84] . In various cell types (nonspecific to CRC), the PI3K pathway has been shown to assist in GLUT1 translocation to the membrane [96, 97] and reduce endocytosis of GLUT1 and GLUT4 [98] . AKT increases glucose metabolism by phosphorylating HK2 [99] , PFKFB2 (which allosterically regulates PFK-1) [100] , and mTOR [101] .
Recent work by Hao and colleagues demonstrated that oncogenic PIK3CA mutations also affect glutamine dependency in CRC by upregulating glutamate pyruvate transaminase 2 (GPT2), which converts glutamate to αKG [102••] . As stated previously, this replenishes the TCA cycle, generating ATP and intermediates for lipid and amino acid synthesis. Interestingly, this relationship between oncogenic PI3Kα and GPT2 is AKT-independent; PI3Kα activates RSK2 kinase, which phosphorylates ATF4, preventing its ubiquitin-mediated degradation and allowing it to activate GPT2 [102••].
RTK-RAS Signaling
The RTK-RAS-MAPK pathway is an additional proproliferative signaling cascade that is integrated with the PI3K pathway, as the two pathways are activated by many of the same growth factors, can activate mTORC1, and either cross-activate or cross-inhibit each other depending on the balance of extracellular and intracellular signals (reviewed in [103] ). The RTK-RAS pathway is activated when a ligand binds to a cell-surface RTK (i.e., EGFR), leading to the activation of RAS. RAS recruits and activates RAF, which activates the MEK/ERK cascade leading to the activation of transcription factors critical for cell survival and proliferation [103] .
The RTK-RAS-MAPK pathway is altered in the majority of CRC tumors [84] . Specifically, mutations in KRAS that confer constitutive activity are present in 43% of nonhypermutated tumors and 30% of hypermutated tumors [84] . Mutations in BRAF, the most common of which is the V600E mutation, exhibit a pattern of mutual exclusivity with mutations in KRAS (and its family member, NRAS), and are present in only 3% of non-hypermutated CRCs, but a substantial 47% of hypermutated tumors [84] . These oncogenic mutations in KRAS and BRAF have been strongly correlated with metabolic dysregulation in CRC [104] . The CRC cell lines DLD-1, which has an oncogenic mutation in KRAS, and RKO, which has an oncogenic mutation in BRAF, display increased GLUT1 expression and a Warburg phenotype [105, 106] . Analysis of isogenic DLD-1 and RKO CRC cell lines expressing KRAS G13D or BRAF V600E mutations identified significant changes in metabolic proteins involved in glycolysis, the nonoxidative PPP, glutamine metabolism, and the phosphoserine biosynthetic pathway, as well as increases in glucose uptake and lactate production, compared to those expressing wild-type KRAS or BRAF [107••]. However, according to Hao et al., isogenic HCT116 and DLD-1 clones with either wild-type or mutant KRAS knockout do not exhibit differential glutamine dependency [102••] . Oncogenic KRAS has also been shown to decrease ROS production and increase mitochondrial OXPHOS efficiency by activating mitochondrial phospholipid synthesis via HIF-1α and HIF-2α transcriptional programs [108] .
Finally, two groups have recently demonstrated that KRAS G12V and BRAF V600E mutations affects metabolic pathways differently in CRC [109, 110] . A proteomics and metabolomics approach by Fritsche-Guenther and colleagues showed that glycolytic flux was upregulated in Caco-2-KRAS G12V cells but decreased in Caco-2-BRAF V600E cells as compared to Caco-2 controls at physiologic glucose levels [110] . Mechanistically, they found that this was because activation of mTOR by BRAF V600E was uncoupled from control of mTORC activity by AMPK, which is known to be a cellular sensor of glucose availability (reviewed in [111] ). Inhibition of mTOR decreased cell viability in cells with either mutation, a finding corroborated by many other groups [112] [113] [114] , indicating that mTOR is a potential therapeutic target in BRAF V600E -driven CRC [110] .
p53 Signaling
The main function of the p53 tumor suppressor is to mediate cell-cycle arrest, apoptosis, and senescence in response to cellular stress. The role of TP53 loss in tumorigenesis is evident as TP53 is the most commonly mutated gene in human cancer (36.1% of cancers in 20 different tissues) [115] . Aberrant p53 signaling, usually caused by biallelic TP53 inactivation, occurs in 64% of non-hypermutated sporadic CRC cases and 47% of hypermutated cases [84] . p53 signaling regulates glycolysis and OXPHOS both directly and indirectly (reviewed in [116] [117] [118] ). In various cell types, wild-type p53 suppresses glycolysis by repressing transcription of GLUT1 [119, 120] , GLUT3 (via repression of the NF-κB pathway) [121] , GLUT4 [119] , and GLUT12 [120] . p53 also inhibits the expression of mitochondrial PDH kinase 2 (PDK2), which negatively regulates PDH, leading to increased conversion of pyruvate to acetyl-CoA [122] , and activates expression of PARK2, which augments the expression of the PDH subunit-encoding gene PDHA1 [123] . Conversely, p53 promotes mitochondrial OXPHOS (reviewed in [124] ) by maintaining the mitochondrial genome [125] [126] [127] and inducing the expression of cytochrome c oxidase and genes required for its synthesis [128, 129] . It follows that loss of TP53 in CRC would promote glycolysis and prevent OXPHOS. Dominant negative p53 (as opposed to p53 loss) also contributes to CRC pathogenesis (reviewed in [130] ). For example, dominant negative p53 directly stimulates glycolysis by promoting GLUT1 translocation to the plasma membrane and by activating HK-2 (reviewed in [118] ).
However, some actions of wild-type p53 seem paradoxical in the context of widespread TP53 mutations and Warburg metabolism in cancer cells. Wild-type p53 induces transcription of TIGAR, which shunts glycolytic intermediates into the pentose phosphate pathway by hydrolyzing fructose-2,6-bisphosphate, an allosteric activator of PFK-1 [131] . This generates GSH to mitigate ROS production. Another transcriptional target of p53 is glutaminase 2 (GLS2), which converts glutamine to glutamate for entry into the TCA cycle [132, 133] . While this may drive oxidative metabolism, it could also support anaplerosis in cancer cells. Thus, it appears that the actions of p53 are context-dependent [118] , and mechanisms of p53 metabolic reprogramming in CRC need to be investigated further.
Intratumoral Heterogeneity
While tumor genetics were once studied in aggregate, we have come to appreciate the complex intratumoral heterogeneity resulting in distinct tumor cell populations, including cancer stem cells (CSCs) and neoplastic stromal cells recruited by tumor cells [6, 134] . Further contributing to tumor heterogeneity, tumor cells exhibit metabolic plasticity that enables them to adapt to environmental factors affected by the local TME, such as oxygenation, pH, and nutrient availability [135•] .
Cancer Stem Cells
The CSC hypothesis suggests that tumor cells exist in a hierarchy rather than uniform, clonal populations [135•] . CSCs constitute a small population of tumor cells having stem cell properties, such as self-renewal, the potential for proliferation and multilineage differentiation, and the ability to initiate tumor formation (reviewed in [135•, 136] ). CSCs may generate the bulk of tumor cells and have also been implicated as drivers of metastasis and therapeutic resistance [135•] . CSCs in CRC have been identified by numerous different markers, including CD144, CD133, CD24, CD29, CD26, CD166, CD326, leucine-rich repeat-containing G protein-coupled receptor 5(LGR5), BMI1, ALDH1, and type III deiodinase [136] . Two different, but not necessarily mutually exclusive, models of CSC origin have been proposed in CRC: the transformation of normal adult stem cells and the reprogramming of cancer cells resulting in the acquisition of stem cell properties [135•] . While the acquisition of stem cell properties may be due to genetic changes in these cells, the "metabostemness" theory posits that stem cell properties are dependent on cell metabolism and its epigenetic and transcriptional regulation of gene expression [61•, 135•, 137] . However, it is unclear whether CSCs in CRC exhibit a consistent metabolic phenotype. These discrepancies may be affected by differences in methods, models, cellular environment, and the marker by which the CSCs were identified.
Several distinct populations of intestinal stem cells, identified by location and distinct markers, have been identified in the adult small and large intestine (reviewed in [138, 139] ). The most thoroughly studied stem cells in the normal adult intestine are the crypt base columnar (CBC) stem cells that express LGR5, a membrane receptor for Rspondin that enhances WNT signaling [140] . Although most intestinal epithelial cancers occur in the large intestine (colon) in humans, the role of LGR5 + stem cells has been most thoroughly studied in the small intestine using mouse models and ex vivo stem cell culture.
LGR5 + stem cells have been shown to generate all cell lineages of the small intestinal epithelium by lineage tracing in vivo [141, 142] , and single-sorted LGR5 + cells generate threedimensional organoids containing all differentiated cell types when cultured ex vivo [143] . The role of LGR5 + cells as the potential cell-of-origin in CRC was illuminated when LGR5
+ stem cell-specific deletion of Apc caused the formation and sustained growth of small intestinal adenomas; in contrast, Apc deletion in transit amplifying cells led to initiation of microadenomas whose growth rapidly stalled [144] . Work by Rodríguez-Coleman et al. showed that Paneth cells, which form the CBC niche, rely on glycolysis and secrete lactate, which is then taken up by LGR5 + CBCs to fuel high levels of OXPHOS [145• ]. This mitochondrial OXPHOS generated ROS that activated the p38 MAPK pathway, inducing crypt differentiation [145•] . These findings were consistent with studies indicating that upregulation of OXPHOS enhanced selfrenewal and longevity in Drosophila intestinal stem cells [146] and that mitochondrial dysfunction in murine intestinal crypts resulted in loss of stemness and proliferation [147] . However, as pointed out by commentary written by Roper and Yilmaz, it is unclear whether these metabolic phenotypes are applicable to stem cells in the colon, which does not contain Paneth cells [148] . A study by a different group showed that LGR5-GFP stem cells isolated from murine colon by fluorescence activated cell sorting ( FA C S ) e x h i b i t e d a Wa r b u rg p h e n o t yp e [1 4 9 ] . Additionally, Pate and colleagues recently determined that intestinal stem cells, which are highest in WNT tone, exhibit increased aerobic glycolysis compared to more differentiated cells [86••] . Finally, Schell et al. demonstrated that intestinal stem cells downregulate the MPC to reduce pyruvate flux into the mitochondria, and MPC expression increases following differentiation in ex vivo cultures derived from both small intestine and colon [150, 151] . CD133 + CSCs isolated from CRC cell lines and patients exhibit a metabolic signature characterized by high levels of enzymes and metabolites involved in both glycolysis and the TCA cycle, as well as cysteine and methionine metabolism [152] . Using Raman spectroscopy, Trinato et al. found that CSCs characterized by CD133 + status and high WNT/β-catenin activity exhibited more lipid droplets than both normal cells and CD133 − CRC cells [153] . Of note, these studies need to be carefully evaluated in light of recent findings that FACS introduces oxidative stress that causes metabolic changes in cells [154] .
The Tumor Microenvironment
The CRC TME consists of extracellular matrix, cancerassociated fibroblasts (CAFs), immune cells (including mast cells, neutrophils, eosinophils, basophils, tumor-associated macrophages, dendritic cells, myeloid-derived suppressor cells, natural killer cells, B lymphocytes, and T lymphocytes), adipocytes, endothelial cells, pericytes, and platelets (reviewed in [134] ). To support their uncontrolled proliferation, invasion, and metastasis, tumor cells alter transcriptional and metabolic programs in these other cell populations through the exchange of growth factors, cytokines, and metabolites [155•] . These species include PDGF, transforming growth factor-β (TGF-β), interleukins 4 and 6 (IL-4 and IL-6), IGF-2, fibroblast growth factor-2 (FGF-2), PGE 2 , and ROS [134] . Cancer cells have also been shown to metabolically reprogram stromal cells at sites of metastasis (reviewed in [69] ).
CAFs are one such stromal cell type co-opted by tumor cells to support their growth; in fact, CAFs have been described as "architects of tumor pathogenesis" [156] . CAFs can be reprogrammed toward a glycolytic phenotype in breast and head/neck carcinomas in a process called "reverse Warburg" metabolism, so-named because of its implication that aerobic glycolysis can take place in the tumorassociated stroma and not only epithelial tumor cells (reviewed in [69, 135•, 157, 158] ). Here, microenvironmental cues from the tumor cells, particularly OXPHOS-generated ROS, induce a Warburg effect in fibroblasts, which then release lactate, pyruvate, glutamine, and ketone bodies (metabolic byproducts of FAO) via upregulation of MCT4 and other transporters [159] . These energy-rich metabolic byproducts are taken up by carcinoma cells via MCT1 and used to replenish the TCA cycle to support OXPHOS [159] . While this has not been investigated extensively in CRC, MCT1 is upregulated in tumor cells [23, 27] . Additionally, lactate produced by glycolytic CRC cells can fuel oxidative metabolism in oxygenated tumor cells [160] . Of note, CAFs also produce hepatocyte growth factor, EGF, IGF-1 and IGF-2, FGF-2 and FGF-7, PGE 2 , vascular endothelial growth factor (VEGF), stromal cell-derived factor, interleukins, and even miRNAs that activate metabolic reprogramming in tumor cells [134] .
Adipocytes are also co-opted to fuel CRC growth. Wen et al. recently showed that adipocytes from colon cancer patients released abundant FAs that were taken up, catabolized via autophagy to replenish the TCA cycle and OXPHOS, and stored as lipid droplets by co-cultured SW480 and DLD1 CRC cells and CRC tumor organoids [161•] . These FAs enabled the tumor cells to survive nutrient deprivation [161•] . This may serve as one mechanism by which obesity increases CRC risk and decreases survival in CRC patients [162] [163] [164] [165] . Increased uptake of FAs by cancer cells also contributes to cancer cachexia, massive weight loss in the setting of cancer characterized by release of FAs into the plasma (reviewed in [157] ).
We also now know that the polarization and/or activation of immune cells is dependent on metabolic reprogramming (reviewed in [166•]) . Lactate has been shown to cause macrophages to adopt anti-inflammatory transcription profiles [ 1 6 6 • ] . A d d i t i o n a l l y, s o m e c a n c e r s g e n e r a t e "oncometabolites" that actively suppress the anti-tumor activity of immune cells in the TME [167] . In CRC, commensal gut microbiota, and immunologic responses to the microbiota, also shape the colonic immune environment [168] . Thus, the metabolic reprogramming of immune cells in CRC cells needs to be further investigated.
It is important to note that, while many of the studies explored in this review characterize the metabolic behavior of CRC using cell lines grown in an abundance of glucose and/or glutamine, the local TME varies within tumors, leading to metabolic compartmentalization [155•] . Because the proliferation of tumor cells is limited by access to oxygen and glucose, tumors recruit their own network of blood vessels via angiogenesis. VEGF and PGE 2 are both pro-angiogenic factors released by epithelial CRC cells and tumor-associated stromal cells [155•] . However, the tumor-associated vasculature is heterogeneous and leaky; thus, it does not deliver oxygen and/or nutrients to all tumor cells efficiently or equally. Tumor cells adapt to this changing and/or limited nutrient availability by preferentially utilizing different metabolic programs [155•, 160] . Metabolic plasticity is also essential for metastasis, in which tumor cells extravasate and colonize a completely different TME (reviewed in [69] ). Loo et al. demonstrated that CRC cells release creatine kinase brain-type (CKB), which phosphorylates liver-derived creatine (a metabolite of glycine and arginine) to phosphocreatine extracellularly [169•] . The phosphocreatine is imported into metastatic CRC cells using the SLCA8 transporter and used as a highenergy phosphate donor to produce ATP, bypassing OXPHOS and allowing the cancer cells to survive hypoxia. Inhibition of this pathway by miRNAs or a small-molecule inhibitor suppressed metastatic colonization in the liver [169•] .
Contributions From Gut Microbiota
Rapid improvement of high-throughput screening technologies has advanced our understanding of the role of the gastrointestinal microbiota in human health and disease. The gastrointestinal microbiota is composed of at least 1000 identified bacterial species [170] . The most common species belong to the phyla Firmicutes, Actinobacteria, and Bacteroidetes, while Lactobacillae, Streptococci, and Enterobacteria are present in smaller numbers [171] . The "microbiome" consists of approximately 3.3 million non-redundant genes encoded by the microbiota, 150 times the number of genes in the human genome [170, 172] . The microbiome is highly enriched for genes involved in the metabolism of starch, sugars, shortchain FAs (SCFAs) and the synthesis of essential amino acids and vitamins [173] .
Dysbiosis has been associated with many risk factors of CRC, including obesity, diabetes, inflammatory bowel disease, and with CRC itself (reviewed in [168] ). A number of studies have shown intestinal dysbiosis in patients with precancerous adenomas and overt CRC, implicating the microbiome in tumor initiation and progression (reviewed in [174, 175] ). Studies have shown that decreases in protective microbes and increases in harmful microbes can lead to chronic inflammation and CRC pathogenesis [175] . CRC has been associated with increased Fusobacterium and Prevotella and decreased butyrate-producing bacteria [174] . Furthermore, different molecular subtypes of CRC have been associated with enrichment of distinct microbial populations [176] .
In general, the gut microbiota broadly affects cancer susceptibility through several mechanisms involving metabolism, including harvesting otherwise inaccessible substrates from the diet, metabolizing xenobiotics, and producing metabolites that cause chronic inflammation [177, 178] . The impact of this "chemical communication" between gut bacteria and colonic epithelial cells using specific metabolites on CRC tumorigenesis was recently reviewed by Bhutia et al. [179] . Here, we will focus on the role of butyrate, a SCFA that has been particularly implicated as a link between the gut microbiome, diet, metabolism, and CRC.
While some dietary butyrate is available from bovine milk products [180] , most butyrate is produced in the colon by intestinal microbiota as a fermentation product of polysaccharides, including dietary fiber and resistant starch (reviewed in [181] ). Butyrate-producing species predominantly belong to the Firmicutes phylum, but also include Actinobacteria, Bacteroidetes, Fusobacteria, and others [182] [183] [184] [185] . The microbiota of CRC patients has been shown to include fewer butyrate-producing bacteria compared to patients without CRC [186, 187] , and fecal butyrate levels are inversely correlated with CRC tumor size [188, 189] .
The "butyrate paradox" refers to the differential effects of butyrate on CRC cells compared to normal differentiated colonocytes (reviewed in [190] ). Butyrate supplies over 70% of the energy required by colonocytes [191] . By oxidizing butyrate, colonocytes rely less on glucose oxidation and can divert pyruvate and glutamine to other pathways. Butyrate is metabolized in the mitochondrial β-oxidation pathway to acetyl-CoA, which enters the TCA cycle. As stated previously, nuclear ACL converts citrate generated in the TCA cycle back to acetyl-CoA, the substrate for FA synthesis and histone acetylation by HATs [73] . Thus, increased butyrate uptake by normal colonocytes not only provides cellular energy but also leads to histone acetylation in an ACL-dependent mechanism [192••] . While administration of butyrate either has no significant effect on, or stimulates the growth of, normal colonocytes, it inhibits the growth and induces differentiation of CRC cell lines [193, 194] . This is a direct effect of Warburg metabolism, in which decreased usage of OXPHOS reduces butyrate flux into the TCA cycle, causing butyrate to accumulate intracellularly and in the nucleus, where it functions as an HDAC inhibitor (HDACi) [192••] . In support of this, while the ACL-dependent mechanism predominates in CRC cell lines treated with 0.5 mM butyrate, the HDACi mechanism predominates in CRC cells treated with 2-5 mM butyrate. Although both mechanisms result in increased histone acetylation, ACL-dependent target genes are predominantly proproliferative, while HDACi-dependent target genes are predominantly pro-apoptotic [192••] . This established a mechanism by which aberrant cell metabolism causes an epigenetic shift that contributes to tumorigenesis. A recent study by Li et al. demonstrated an additional mechanism to explain the effect of butyrate on CRC cell lines, in which butyrate directly binds to and inhibits PKM2 [195•] , a less active isoform of PK that is highly expressed in anabolic cells, including cancer cells, to direct glycolytic intermediates away from the TCA cycle (reviewed in [196] ). Finally, fiber-rich diets and the subsequent increase in butyrate have also been shown to attenuate risk factors of CRC, including inflammation, obesity, and insulin resistance (reviewed in [181] ). Of note, butyrate is also a potent inhibitor of intestinal stem cell proliferation; however, they are located deep in colonic crypts and are thus protected from this effect by the metabolism of butyrate by differentiated colonocytes closer to the luminal surface [197] .
Conclusions
CRC is widespread and confers high morbidity and mortality. Thus, there is great need for improved CRC screening and therapeutics. While colonoscopy is the gold standard method for detecting pre-cancerous lesions and CRC, it is costly and invasive. Thus, metabolic profiling of intestinal mucosa may one day augment colonoscopy-based screening approaches. Numerous studies in mice and in humans have attempted to classify metabolites found in the blood, stool, and urine that may be useful in detecting pre-cancerous lesions and/or overt CRC. Additionally, routine clinical evaluation of patients with overt CRC remains based on tumor size, histology, involvement of lymph nodes, and tumor genetics. Assessing the metabolic profile of CRC tumors in patients may one day be a component of a patients' staging evaluation.
In this review, we discussed the etiologies and effects of altered cellular metabolism in CRC, including in cells that make up the bulk of CRC tumors, CSCs, stromal and immune cells in the TME, and the gut microbiota. It is clear that metabolic dysregulation is by no means an isolated hallmark of cancer-it contributes to, and likely drives, other hallmarks of cancer including genomic instability and mutational burden, sustained proliferative signaling, tumor-promoting inflammation, activation of invasion and metastasis, induction of angiogenesis, avoiding immune destruction, and resisting cell death.
While many studies have characterized the metabolic phenotypes of CRC cell lines or CRC tumors in aggregate (including the upregulation of glycolytic enzymes, increased glutaminolysis, and increased FA synthesis), we still have much to learn about the metabolic programs active in individual CRC cells. For example, it is still unclear whether CSCs in CRC adopt a predominantly Warburg metabolic phenotype or whether they utilize OXPHOS using substrates generated by a "reverse Warburg" mechanism. Finally, while the metabolic reprogramming of CAFs and tumor-associated immune cells has been well-characterized in other cancers, the cross-talk between epithelial CRC cells and their immunologic niche needs to be further explored.
